Previously we showed reduced protein and mRNA expression of the SHP1 gene in lymphoma/leukemia cell lines and patient specimens by Northern blot, RT-PCR, Western blot, and immunohistochemical analyses. In this study, aberrant methylation in the SHP1 gene promoter was detected in many B-cell leukemia/lymphoma cell lines as well as in patient specimens, including diffuse large B-cell lymphoma (methylation frequency 93%), MALT lymphoma (82%), mantle cell lymphoma (75%), plasmacytoma (100%) and follicular lymphoma (96%) by methylation-specific PCR, bisulfite sequencing, and restriction enzyme-mediated PCR analyses. The methylation frequency was significantly higher in high-grade MALT lymphoma cases (100%) than in low-grade MALT lymphoma cases (70%), which correlated well with the frequency of no expression of SHP1 protein in high-grade (80%) and low-grade MALT lymphoma (54%). It suggests that the SHP1 gene silencing with aberrant CpG methylation relates to the lymphoma progression. SHP1 protein expression was recovered in B-cell lines after the treatment of the demethylating reagent: 5-aza-2'-deoxycytidine. Transfection of the intact SHP1 gene to the hematopoietic cultured cells, which show no expression of the SHP1 gene, induced growth inhibition, indicating that gene silencing of the SHP1 gene by aberrant methylation plays an important role to get the growth advantage of the malignant lymphoma/leukemia cells. The extraordinarily high frequency (75 to 100%) of CpG methylation of the SHP1 gene in B-cell lymphoma/leukemia patient specimens indicates that the SHP1 gene silencing is one of the critical events to the onset of malignant lymphomas/leukemias as well as important implications for the diagnostic or prognostic markers and the target of gene therapy. These data support the possibility that the SHP1 gene is one of the tumor suppressor genes. (Lab Invest 2003, 83:1849 -1858.
T
he growth and many functional responses of hematopoietic cells are regulated through the phosphorylation of tyrosine residues in proteins. The gene encoding the cytoplasmic protein tyrosine phosphatase SHP1 (also termed PTP1C, PTPN6, HCP, and SHPTP1) is commonly expressed in hematopoietic cells. SHP1 was found to be an important negative regulator of antigen receptor-mediated signaling and selection in B-lymphocytes (Cyster and Goodnow, 1995; Pani et al, 1995) . SHP1 also has a significant role in the regulation of T-cell responses to antigen receptor-mediated stimulation, with its effects on signaling pathways evoked by T-cell receptor (TCR) engagement, which is predominantly inhibitory (Carter et al, 1999; Lorenz et al, 1996; Pani et al, 1996) .
Cancer can be regarded as an epigenetic disease as well as a genetic disease. The genomes of transformed cells undergo simultaneous global genomic hypomethylation and dense hypermethylation of CpG islands associated with gene regulatory regions (Brown and Strathdee, 2002) . The reciprocal relationship between the density of methylated cytosine residues and intensity of a gene expression has been widely documented (Razin and Cedar, 1991) . Dramatic changes in methylation are thought to lead to chromosomal instability, loss of imprinting, activation of endogenous viruses, illegitimate expression, aneuploidy, mutation, and may also contribute to the epigenetic transcriptional repression of tumor suppressor genes in a wide variety of tumor types (Brown and Strathdee, 2002; Esteller and Herman, 2002) . Hypermethylation-associated inactivation affects virtually all pathways in the cellular network, including DNA repair (hMLH1 [Fleisher et al, 1999; Herman et al, 1998 ], BRCA1 [Esteller et al, 2000] , MGMT [Esteller et al, 1999a] ), the cell cycle (p16INK4a Merlo et al, 1995] , p14ARF [Greger et al, 1989; Robertson and Jones, 1998 ], p15INK4b [Herman et al, 1996] , Rb [Greger et al, 1989; Sakai et al, 1991] , apoptosis [DAPK; Esteller et al, 1999b; Katzenellenbogen et al, 1999] , caspase 8 [Fulda et al, 2001] ) and the APC/␤-catenin/E-cadherin network (Esteller et al, 2001 ). The frequency of promoter methylation that results in gene inactivation is reported to be about 9% for the RB1 gene in retinoblastoma (Ohtani-Fujita et al, 1997) , 33% for the VHL gene in Von Hippel Lindau disease (Prowse et al, 1997) , and 84% for the MLH1 gene in microsatellite-unstable colorectal tumors (Herman et al, 1998) . Thus, promoter methylation seems to represent a significant step in human carcinogenesis.
Recently, we comprehensively and systematically analyzed the mRNA and protein expression patterns of a number of malignant lymphoma and leukemia patient specimens and cell lines by cDNA expressionarrays and tissue microarrays, and we found that SHP1 mRNA and protein levels were strongly decreased, which were confirmed by RT-PCR and Western blot analyses, respectively (Oka et al, 2001 ). In the present study, we analyzed the SHP1 gene expression and DNA methylation patterns of various B-cell lymphomas/leukemias and defined the relationship between the SHP1 gene silencing and DNA methylation.
Results
As we had previously detected a marked decrease in SHP1 mRNA and protein in lymphomas/leukemias including NK cell lymphoma by cDNA expressionarray and tissue microarray experiments (Oka et al, 2001) , we investigated SHP1 protein expression in various hematopoietic cell lines by Western blot analysis (Fig. 1A) . SHP1 protein was detected in normal fresh peripheral blood mononuclear cells (PBMCs). However, no expression of the SHP1 gene was observed in the CML (K562), B-ALL (SCOTT and KW), Burkitt lymphoma (Ramos and Daudi), Hodgkin's disease (HDLM2 and L428), and multiple myeloma (U266) cell lines as well as in the natural killer/T-lymphoma cell line (NK-YS). Analysis of the SHP1 gene transcription by RT-PCR showed similar tendency to that of SHP1 protein level (Fig. 1B) . To investigate the mechanism responsible for the reduced SHP1 gene expression in lymphoma/leukemia cell lines, we analyzed the promoter region of the SHP1 exon 1b, known to be expressed in a hematopoietic cell-specific manner, by methylation-specific PCR (MSP) and unmethylationspecific PCR (unMSP) (Fig. 1C) . MSP products of the CpG island were shown in the NK-YS, K562, Daudi, HDLM2, L428, U266 and RPMI8226 cell lines, and weak products observed in SCOTT, KW, SP50B, and Ramos cell lines. In contrast, no MSP signals were detected in normal PBMCs. Unmethylation-specific PCR revealed that normal PBMCs and some cell lines, which express SHP1 mRNA and protein, showed strong unmethylation-specific signals. These results suggest that the ratio of methylation/unmethylation signals in the promoter correlate well with the reduced SHP1 gene expression ( Fig. 1C ; Table 1 ). These data were confirmed by restriction enzyme-mediated PCR (RE-PCR) as well (Fig. 1D) . We then investigated the SHP1 gene products in diagnostic samples from malignant B-cell lymphoma patients. No SHP1 protein expression was observed in 23 of 24 cases (95.8%) of diffuse large B-cell lymphoma (DLBCL), 22 of 36 cases (61.1%) of marginal zone lymphoma MALT type (MALT lymphoma), 12 of 13 cases (92.3%) of mantle cell lymphoma (MCL), 17 of 17 cases (100%) of plasmacytoma, and 14 of 14 cases (100%) of follicular lymphoma (FL), as shown by tissue microarray and standard immunohistochemistry ( Fig. 2A ; Table 2 ). These results were in clear contrast to the presence of SHP1 protein in 10 of 10 mantle zone samples (100%) and 10 of 10 interfollicular zone samples (100%) from the reactive lymphoid hyperplasia (RLH) cases ( Fig.  2A-a Table 2 ). The SHP1 gene CpG island methylation was significantly more frequent in high grade MALT lymphoma (DLBCL with MALT lymphoma) (100%; 7/7) compared with low grade MALT lymphoma (70%; 7/10) cases, which correlate well with the frequency of no expression of SHP1 protein in high-grade (80%) and low-grade MALT lymphoma (54%). The high fre- 
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quency of the SHP1 gene methylation in patient specimens was confirmed by RE-PCR analysis (data not shown). Some patient specimens, such as L1844, L1675, and L1568, showed positive signals for both MSP and unMSP (Fig. 2B) . To address the question of whether the lymphoma cells themselves have totally methylated SHP1 DNA and are contaminated with the inflammatory cells or infiltrating normal PBMCs supplying the unmethylated DNA for MSP analysis, we performed bisulfite DNA sequencing to determine the methylation of 22 CpG sites within the 519 bp region of the SHP1 promoter that included the region examined by MSP, unMSP, and RE-PCR analyses (Fig. 3 ). K562 and HDLM2 cell lines, which showed strong methylation signals by both MSP and RE-PCR analyses without signals by unMSP (Fig. 1 , C and D), were hypermethylated in all clones analyzed by bisulfite DNA sequencing (Fig. 3) . It indicates that tumor cells, which totally methylated in the CpG island of the SHP1 gene, do not express SHP1 protein ( Fig. 1A; Fig. 3 ). In contrast, almost no methylation was detected by bisulfite DNA sequencing (Fig. 3 ) in all clones of IWA1 and normal PMBC, which showed no methylation signals by MSP and RE-PCR analyses and strong SHP1 protein expression by Western blot analysis (Fig. 1 ). For the lymphoma patient specimens such as L1844, L1675, and L1568, some clones showed hypermethylation, whereas others showed hypomethylation. These results suggest that the lymphoma patient specimens contained both blastic lymphoma cells and also contaminated normal cells that exhibited hypermethylation and hypomethylation, respectively.
To investigate whether the reduced SHP1 gene expression could be rescued by demethylation treatment, cell lines were treated with the demethylating reagent 5-aza-2'-deoxycytidine (5AzaCdR) (Fig. 4) . Some cell lines, such as MT1, KW, and L428, expressed SHP1 protein in response to this treatment, whereas weak induction was detected in the cell lines HDLM2 and RPMI8226. However, no induction was detected in the U266. To ensure that intact SHP1 alleles were retained in the U266 cell line, we performed Southern blot analysis. Neither definite rearrangements nor deletions of the SHP1 gene were detected by this method (data not shown; Table 1 ). To clarify the effect of over-expression of the SHP1 gene on cell growth, K562 cells transfected with SHP1 expression vector or empty vector were assayed after selection with G418 for 7 days (Fig. 5) . The result showed that cell growth of the SHP1 gene-transfected cells was significantly suppressed as compared with that of control cells (p ϭ 0.0003).
Discussion
Reduced expression of SHP1 protein and mRNA was detected in various B-cell leukemia and lymphoma cell lines, and clearly correlated with the level of SHP1 gene promoter methylation, as detected by MSP, RE-PCR, and bisulfite DNA sequencing. Our results suggest that methylation of the SHP1 gene CpG island 
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Cell line
Origin
PBMCs, peripheral blood mononuclear cells; Ly, lymphoma; CML, chronic myelogenous leukemia; T(HTLV-1), HTLV-1-immortalized normal human T cell; ALL, acute lymphoblastic leukemia; MCL, mantle cell lymphoma; HD, Hodgkin's disease; MM, multiple myeloma; RE-PCR, restriction enzymes-mediated polymerase chain reaction; MSP, methylation-specific polymerase chain reaction; unMSP, unmethylation-specific polymerase chain reaction.
The strength of the SHP1 bands was indicated according to the intensity from ϩϩϩ, ϩϩ, ϩ, to Ϯ. Ϫ indicates completely negative for SHP1 band. is the important mechanism for the reduced SHP1 gene expression. With regard to the patient specimens, 75 to 100% of DLBCL, MALT lymphoma, MCL, plasmacytoma, and FL cases showed the SHP1 gene CpG island methylation by MSP, whereas reduced SHP1 protein expression was detected by immunohistochemistry at a slightly higher frequency (90 to 100%). This discrepancy may mean that protein level detection using an anti-SHP1 antibody underestimates the actual amount, and/or that there may be some other mechanism for the reduction of the SHP1 gene products in addition to DNA methylation. Indeed, treatment with the demethylation reagent 5AzaCdR failed to induce SHP1 protein expression in the U266 cell line despite the successful induction of SHP1 protein in the MT1, KW, HDLM2, L428, and RPMI8226 cell lines. Southern blot analysis data indicated that at least one SHP1 allele was retained in the U266 cell line. Histone modification, such as by acetylation, methylation, or phosphorylation, may represent other mechanisms of the reduced SHP1 gene expression (Chung, 2002; Jenuwein and Allis, 2001) , and remains for further investigation in this case. L1966, 1981 , 1823 , and 1844 MALT lymphoma specimens, L1667, 1847 MALT lymphoma specimens, L1667, , 1272 MALT lymphoma specimens, L1667, , 1675 MALT lymphoma specimens, L1667, , 1568 MALT lymphoma specimens, L1667, , and 1924 FL specimens, L1945, 1281 FL specimens, L1945, , 1395 FL specimens, L1945, , 1370 FL specimens, L1945, , 1517 FL specimens, L1945, , 1182 FL specimens, L1945, , 1216 FL specimens, L1945, , 1529 FL specimens, L1945, , and 1993 .
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Interestingly, the frequency of the SHP1 gene CpG island methylation was significantly higher in highgrade MALT lymphoma than in low-grade MALT lymphoma. This result correlated with expression of the SHP1 protein, such that no SHP1 protein was detected in 80% (8/10) of high-grade MALT lymphoma cases, whereas 54% (14/26) of low-grade MALT lymphoma cases did not show SHP1 protein (Table 2 ). This suggests that reduced expression of SHP1 protein, along with the SHP1 gene CpG island methylation, is related to B-cell lymphoma/leukemia progression in addition to malignant transformation. SHP1 is known to be an important negative regulator of antigen receptor signaling and selection in B-lymphocytes (Cyster and Goodnow, 1995; Pani et al, 1995) . Previous reports have shown that loss of heterozygosity (LOH) on chromosome 12, where the SHP1 gene is located, occurred at a high frequency in blast cells from patients with leukemia (Oka et al, 2002) . LOH analysis of the B-cell lymphoma specimens was not performed in the present study as we were unable to acquire the corresponding normal tissues. However, our study did determine that one of the causes that suppressed the expression of the SHP1 gene in B-cell lineage cells was the methylation of the CpG island in the SHP1 promoter. Moreover, transfection of the SHP1 expression vector to the leukemia cells, which do not express the SHP1 gene, induced the significant growth inhibition. It indicates that gene silencing of the SHP1 gene by aberrant methylation is playing an important role to get the growth advantage of the malignant lymphomas/leukemias cells. This data was supported by the previous report (Bruecher-Encke et al, 2001 ). It strongly suggests that the SHP1 gene acts as a tumor suppressor gene in lymphomas and leukemias.
In the physiological condition, germinal center B lymphocytes show down-regulated expression of the SHP1 gene (Delibrias et al, 1997; Oka et al, 2001 ). This suppression of the SHP1 gene expression is characteristic for the centroblast/centrocyte, possibly reflecting a requirement at this stage of B cell development for a low threshold for signaling via certain receptors and membrane immunoglobulin, facilitating the signal transduction required for the clonal expansion in germinal center, isotype switching, hypermutation, and selection of high affinity memory B cells. Interestingly, expression of SHP1 protein was transiently inhibited and recovered gradually after stimulation of PMA (phorbol ester) in healthy PBMCs, indicating that the SHP1 gene expression is down-regulated by the stimulating signals as in the germinal center in the physiological condition (Oka et al, 2001) . From this aspect, healthy PBMCs, strongly expressing SHP1 protein with unmethylated CpG island of the SHP1 gene, are reasonable for the positive control (Fig. 1C) . Downregulated expression of the SHP1 gene in Burkitt lymphoma was discussed as the germinal center phenotype of Burkitt lymphoma (Delibrias et al, 1997) . However, reduced expression of the SHP1 gene is highly frequent in almost all lymphomas/leukemias, not only in Burkitt lymphoma (Oka et al, 2001 ), indicating gene silencing of the SHP1 gene is one of the critical events of lymphomagenesis/leukemogenesis in the wide range of hematopoietic malignancies. Present investigation clearly shows that aberrant methylation of the SHP1 gene CpG island is an Grade 1 0/6 (0) 0/6 (0) 6/6 (100) 11/11 (100) Grade 2 0/6 (0) 0/6 (0) 6/6 (100) 9/10 (90) Grade 3 important mechanism for its gene silencing in B cell lymphomas/leukemias. The epigenetic silencing of tumor-suppressor genes is interesting from a clinical standpoint for a number of reasons. First, DNA methylation is the only epigenetic feature preserved in genomic DNA isolated from tumors or biopsy specimens. Thus, DNA methylation analysis would be of great clinical value if the diagnostic and prognostic relevance of particular DNA methylation patterns could be established. Therefore, SHP1 may prove useful as a diagnostic or prognostic marker. Second, it is possible to reverse epigenetic changes and restore gene function to a cell. Treatment with DNA methylation inhibitors can restore the activities of dormant genes and decrease the growth rate of cancer cells in a heritable fashion (Bender et al, 1998) . It would become another option in addition to the gene therapy with the introduction of an intact gene. Inhibition of DNA methylation can suppress tumor initiation and reduce the rate of disease progression. In fact, 5AzaCdR, also known as Decitabine, induces cell differentiation and has been used in clinical trials for the treatment of several hematopoietic disorders (Cyster and Goodnow, 1995; Pinto and Zagonel, 1993; Willemze et al, 1997) . However, the incorporation of nucleotide analogues into patient DNA has been shown to be mutagenic (JacksonGrusby et al, 1997) , and the relationship between clinical efficacy and target gene demethylation has not yet been demonstrated. Nonetheless, epigenetic analysis of global DNA methylation patterns may help to identify those patients who would particularly benefit from DNA methylation inhibiting treatments. Rescue of reduced SHP1 protein expression by 5AzaCdR treatment. Western blot analysis of SHP1 protein in cell lines with or without demethylating reagent 5AzaCdR. Cell lines used were an ATL patient-derived (MT1), B-ALL (KW), Hodgkin's disease (HDLM2 and L428), and multiple myeloma (U266 and MOLP2) cell lines. Ϫ, without treatment; ϩ, with treatment.
Materials and Methods
Cell Lines and Tissues
Human NK cell line NK-YS (Tsuchiyama et al, 1998) was maintained in Iscove's modified Dulbecco's medium (IMDM; GIBCO, Grand Island, New York) supplemented with 10% FCS (FCS), 100 U/ml recombinant human IL-2, 100 U/ml kanamycin, and 100 g/ml streptomycin. All other cell lines were maintained in RPMI-1640 supplemented with 10% FCS, 100 U/ml kanamycin, and 100 g/ml streptomycin. The human B-acute lymphoblastic leukemia (ALL) cell line KCA was obtained from Dr. E.C. Butcher (Department of Pathology, Stanford University, Stanford, California). Human chronic myelogenous leukemia (CML) (K562), B-ALL (BALL1), Burkitt lymphoma (Ramos and Daudi), Hodgkin's disease (HDLM2 and L428), and multiple myeloma (U266, MOLP2, and RPMI8226) cell lines were obtained from Dr. Y. Matsuo (Fujisaki Cell Center, Hayashibara, Biomedical Laboratories, Okayama, Japan). B-ALL (SCOTT and KW), mantle cell lymphoma (SP53, SP50B, and SP49) (Daibata et al, 1989) , human T cell line immortalized by HTLV-I (IWA1), and adult T cell leukemia/lymphoma (MT1) (Miyoshi et al, 1980) cell lines were also used. Peripheral blood mononuclear cells (PBMCs) from healthy volunteers were isolated by the Ficoll-Hypaque density centrifugation method performed according to the manufacturer's protocols. Tissue sections were made from lymph nodes from patients with malignant lymphoma after obtaining an informed consent from each patient.
Tissue Microarray Analysis
Paraffin-embedded tissue samples, consisting of primary malignant lymphomas of different histological categories and normal reactive lymphoid hyperplasia (RLH), were used for malignant lymphoma tissue microarrays. Core tissue biopsies (0.8 mm diameter) were taken from selected regions of individual paraffin-embedded malignant lymphoma specimens (donor block) and precisely arrayed onto a new recipient paraffin block (50 mm ϫ23 mm) using a custombuilt instrument. After block construction was completed, 5-m sections of the resulting malignant lymphoma tissue microarray block were cut with a microtome, and specimens were used for hematoxylin-eosin staining and immunostaining according to standard procedures with rabbit polyclonal antibody against the C-terminal region of SHP1 (SHPTP1C-19 SC287; Santa Cruz Biotechnology Inc., Santa Cruz, California).
Western Blot Analysis
Western blot analysis was performed as previously described (Oka et al, 2001) . Briefly, following 12% polyacrylamide gel electrophoresis of cellular protein lysates from 7.5ϫ10 4 cells from each culture, separated proteins were electrophoretically transferred onto polyvinylidene difluoride membranes (Immobilon; Millipore Ltd., Bedford, Massachusetts). Membranes were then reacted with rabbit polyclonal antibody against the C-terminal region of SHP1 (SHPTP1C-19 SC287; Santa Cruz Biotechnology Inc.) and monoclonal anti-␤-actin (Sigma, St. Louis, Missouri). Immunoreactive bands were visualized using peroxidaselabeled goat anti-rabbit or anti-mouse Ig (Ig) (Amersham-Pharmacia Company, Ltd., Piscataway, New Jersey) and the enhanced chemiluminescence (ECL)-SuperSignal Western blotting system (Pierce, Rockford, Illinois), and exposed to x-ray film.
Analysis of mRNA Expression by Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Aliquots (2 g) of DNase I-treated total cellular RNA were reverse-transcribed with SuperScriptII reverse transcriptase (Invitrogen Life Technologies, Carlsbad, California) at 42°C for 50 minutes. Reactions were terminated by incubation at 70°C for 15 minutes and treated with RNase H at 37°C for 20 minutes. Aliquots (0.5 l) of single-stranded cDNA were amplified by PCR using SHP1-specific primers (sequences obtained from BD Biosciences Clontech). PCR was performed using Platinum PCR Super Mix (Invitrogen Life Technologies). Amplification conditions consisted of 2 minutes pretreatment at 94°C, followed by 30 cycles of denaturation (94°C for 30 seconds), annealing (55°C for 30 seconds), and extension (72°C for 1 minute 30 seconds), followed by a final extension (72°C for 10 minutes).
Methylation-Specific PCR (MSP) and Unmethylation-Specific PCR (unMSP) Assay
Sodium bisulfite modification of DNA was performed using the CpGenome DNA modification kit (Intergen Company, Purchase, New York). Briefly, 2-g aliquots of genomic DNA were denatured by NaOH and modified by sodium bisulfite, which converts all unmethylated cytosines to uracils while leaving methylated cytosines unaltered. Modified DNA was purified, treated with NaOH to desulfonate, precipitated with ethanol, and resuspended in TE buffer. The methylation-specific primer sequences used were 5'-TGT GAA CGT TAT TAT AGT ATA GCG-3' (sense) and 5'-CCA AAT AAT ACT TCA CGC ATA CG-3' (antisense). These primers were designed from the methylated sequence of the promoter region for exon 1b of the SHP1 gene (nucleotide numbers 7034 -7207 of GenBank accession number AB079851). Initial denaturation at 94°C for 3 minutes was followed by 40 cycles of denaturation (94°C for 30 seconds), annealing (58°C for 1 minute), and extension (72°C for 1 minute), and a final extension step of 72°C for 7 minutes. The unmethylation-specific primer sequences were 5'-GTG AAT GTT ATT ATA GTA TAG TGT TTG G-3' (sense) and 5'-TTC ACA CAT ACA AAC CCA AAC AAT-3' (antisense) (nucleotide numbers 7035-7196 in GenBank accession number AB079851. Initial denaturation at 94°C for 3 minutes was followed by 40 cycles of denaturation (94°C for 30 seconds), annealing (61°C for 1 minute), and extension (72°C for 1 minute), and a final extension step of 72°C for 7 minutes. PCR products were separated by electrophoresis on 10% polyacrylamide gels.
Methylation Analysis of Promoter Region with Restriction Enzymes-Mediated PCR (RE-PCR)
Genomic DNA extraction of 1ϫ10 7 cell aliquots was performed using a DNA extraction kit (Stratagene, La Jolla, California). A primer pair (sense 5'-CAA AGC ACT GGC TTT GGA ACC and antisense 5'-ATC GAG TGA GTC CTG CTG GAT) was designed to enclose HpaII/MspI restriction sites in the promoter region of the SHP1 gene (nucleotide number 6858 -7094 in GenBank accession number AB079851). DNA (50 ng) was digested with 20 units of HpaII or MspI (New England Biolabs, Beverly, Massachusetts) in 1ϫ buffer at 37°C for 24 hours. Enzyme digestions were halted by heating at 65°C for 20 minutes and PCR was performed in 20 l reaction mixtures containing 20 pmole each primer, 2.5 ng genomic DNA, 1ϫPCR buffer, 200 M each dNTP, 2 mM MgCl 2 , and 0.5 unit TaqDNA polymerase (Invitrogen Life Technologies). Initial denaturation at 94°C for 5 minutes was followed by 33 cycles of denaturation (94°C for 30 seconds), annealing (62°C for 1 minute) and extension (72°C for 1 minute), and a final extension step of 72°C for 10 minutes. Resulting products were separated by electrophoresis on 1.5% agarose gels.
Bisulfite DNA Sequencing
Primers were designed to amplify a 519 bp region of the SHP1 promoter containing the noncoding region of exon 1b. The primer sequences used were 5'-GGG TTG TGG TGA GAA ATT AAT TAG-3' (sense) and 5'-CCT CAA ATA CAA CTC CCA ATA CC-3' (antisense) (nucleotide numbers 7002-7520 of GenBank accession number AB079851). Initial denaturation at 94°C for 3 minutes was followed by 40 cycles of denaturation (94°C for 30 seconds), annealing (64°C for 1 minute) and extension (72°C for 1 minute), and a final extension step of 72°C for 7 minutes. PCR amplification products were separated on 1.5% agarose gels, visualized, and purified by using the Geneclean II kit (BIO101, Inc., Carlsbad, California). Purified products were phosphorylated by T4 DNA kinase and cloned into the pBluescript KS vector. Independent plasmid clones were purified from several bacterial colonies and subjected to sequencing using the BigDye Terminator Cycle Sequencing Ready Reaction Kit V2.0 (Applied Biosystems, Foster City, California) and an ABI Prism 3100 DNA sequencer (Applied Biosystems).
Southern Blot Analysis
According to standard methods, 1-g genomic DNA aliquots were digested with EcoRI, and the digested DNA was purified by phenol/chloroform extraction, ethanol precipitated, separated on 0.8% agarose gel electrophoresis, and transferred to Hybond Nϩ nylon membranes. Membranes were hybridized with full length SHP1 cDNA probe labeled with fluorescein-11-dUTP. Membranes were washed in buffer containing 0.2ϫ standard saline citrate and 0.1% sodium dodecyl sulfate at 60°C, and DNA was detected using a chemiluminescence detection kit (Gene Images random prime labeling and detection system, Amersham Life Science, Buckinghamshire, United Kingdom) according to the manufacturer's protocol.
5AzaCdR Treatment
For examination of SHP1 promoter demethylation, hematopoietic cell lines were incubated with or without 1 M 5AzaCdR (5-aza-2'-deoxycytidine; Sigma) for 5 days. Cells were harvested and tested for SHP1 protein expression by ECL Western blotting.
Cell Growth Assay
K562 cells were transfected with pCMV-SHP1 by X-tremeGENE Q2 transfection reagent (Roche Diagnostics Corporation, Indianapolis, Indiana). At 48 hours after transfection, the cells were distributed in 24-well plate with the culture medium containing 200 g/ml G418. Colony formation of the transformed cells was observed under the microscopy after leaving for 7 days. Koyama et al 
